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INTRODUCTION:  Patients with advanced prostate cancer (PCa) are initially susceptible to androgen 
withdrawal therapy (AWT), but ultimately develop resistance to this therapy (castration-resistant PCa, 
CRPC). The treatment options for patients who fail AWT are limited; hence the long-term goal of these 
studies is to identify therapeutic strategies to prolong the effectiveness of AWT. The ErbB receptor 
tyrosine kinase (RTK) family regulates proliferation and survival in PCa. Multiple studies suggested that 
ErbB3 plays a role in promoting PCa, however, its mechanism of action and the pathways mediating its 
effects were unknown. Hence, we investigate the role of ErbB3 in PCa progression. 

BODY:  
Specific Aim 1. To test the hypothesis that increased ErbB3 during androgen ablation results in 
androgen independence of prostate cancer cells.  
Task 1: We will examine in paraffin embedded prostate cancer tissues (human anatomical samples) 
whether there is increased ErbB3 and decreased Nrdp1 expression in androgen independent tumors 
from human patients. (Months 1-9) 
Complete – report in previous Annual Report (2010).  
 
Task 2: In an animal model of prostate cancer progression, we will investigate whether inhibition of 
ErbB3 during androgen ablation prevents the development of CRPC tumors. (Months 9-18)  
Partial report in previous Annual Report (2010). In that report, we showed that androgen ablation 
caused an increase in ErbB3 levels in the CWR22 mouse xenograft model of prostate cancer.  
Complete – report in previous Annual Report (2011).  
 
Specific Aim 2. To test the hypothesis that Nrdp1 mediates the regulation of ErbB3 expression 
by the androgen receptor in androgen dependent cells, but this regulation is lost in androgen 
independence.  
Task 3: We will identify a role for Nrdp1 in the expression of ErbB3 during androgen withdrawal and in 
androgen independence. (Months 1-12) 
Complete – report in previous Annual Report (2010) 
 
Task 4: In androgen dependent cells we will determine how the androgen receptor regulates Nrdp1 
transcription. (Months 13-24) 
Outcomes: A manuscript on this topic is prepared and is in the last phase of submission, the 
manuscript is attached. 

 
Task 5: In addition, in androgen independent cells we will identify the cause for repression of Nrdp1 
expression and investigate whether ErbB3, Akt or its downstream effector FKHRL1 plays a role in this 
process. (Months 25-36) 
Status: Ongoing. These studies will be completed soon and will be presented in the final report in 
February, 2013. 

 
REPORTABLE OUTCOMES:   

1. Manuscript prepared for publication.  

2. Qualifying Exam: Maitreyee Jathal who was supported by this project is going to take her 
qualifying exams in January 2013.  
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CONCLUSION: Our data for the first time identifies Nrdp1 as an AR target that is androgen-regulated 
in castration resistant cells, but not in castration insensitive cells. Our new data shows that in cells 
where the AR is stabilized, and does not undergo degradation despite androgen withdrawal, it is able to 
transcribe PSA but not Nrdp1, whereas in cells where the AR is not stabilized, it can transcribe Nrdp1 
and thereby regulate ErbB3 levels. Since we also showed earlier that ErbB3 signaling increase cell 
growth and suppress apoptosis, our results indicate that AR suppression of ErbB3 is a mechanism for 
keeping cells castration sensitive, whereas when this effect is lost, the cells become castration 
resistant. Further, we show that Filamin A nuclear localization keeps cells androgen responsive by 
destabilizing the AR, and maintaining its ability to transcriptionally regulate Nrdp1. 

 

APPENDICES:  

Manuscript about to be submitted.  

 
SUPPORTING DATA: See above (included in text). 
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ABSTRACT 

Despite availability of improved androgen receptor (AR) inhibitors for the treatment of castration-

resistant prostate cancer (CRPC), resistance to treatment develops, and has been traced to activation 

of multiple signaling pathways suppressed by the AR. We previously showed that the AR maintained 

castration sensitivity in prostate cancer (PCa) by transcriptional regulation of the E3 ubiquitin ligase 

Nrdp1, which degrades the receptor tyrosine kinase (RTK) ErbB3; whereas AR inhibition suppressed 

Nrdp1 levels, thereby activating ErbB3. This resulted in CRPC growth and AR stimulation, but in CRPC, 

the AR was unable to regulate Nrdp1 or suppress ErbB3, causing uncontrolled progression. Here, we 

investigate the mechanism by which the AR regulates Nrdp1 transcription and why this regulation is lost 

in CRPC. Immunohistochemical studies in human PCa tissue and in PCa mouse models demonstrated 

Nrdp1 localization in both nucleus and cytoplasm. In vitro studies determined cytoplasmic Nrdp1 is 

36kDa while nuclear Nrdp1 is 28kDa; the 36kDa form, but not the 28kDa form, negatively correlated 

with ErbB3 levels, but both forms positively correlated with AR. We demonstrate that Nrdp1 is a direct 

transcriptional target of the AR in androgen-dependent cells expressing a truncated form of the 

structural protein Filamin A (FlnA) in the nucleus, but in CRPC cells which have lost nuclear FlnA 

expression, the AR is no longer able to bind to the Nrdp1 promoter. Restoration of nuclear FlnA 

restored the ability of AR to regulate Nrdp1 transcription. Thus dual targeting of ErbB3 and AR may be 

effective in patients whose tumors express nuclear FlnA.  



INTRODUCTION: 

AR inhibition is a cornerstone of treatment for recurrent or advanced PCa; and initially the 

patient is treated with androgen withdrawal therapy (AWT), which hinges on the reduction of circulating 

androgen levels [1]. Although effective at first, patients undergoing AWT ultimately fail this therapy due 

to the development of CRPC, which is typically characterized by increased AR transcriptional activity 

giving rise to elevated levels of prostate specific antigen (PSA) in the serum [2, 3].  Patients with CRPC 

undergo additional treatment including chemotherapy [4], immunotherapy [5], and stronger AR 

inhibitors Abiraterone acetate [6, 7] and enzalutamide [8]. However, resistance to even the strongest 

available AR inhibitors set in quickly and multiple studies have been undertaken to investigate the 

cause of this resistance [9]. It was found that multiple cell signaling pathways that lead to increased cell 

proliferation and survival, as well as increased ligand-independent AR transcriptional activity, are 

activated when AR is inhibited [10-12]. Activation of each of these pathways result in tumor progression 

despite continued treatment, hence we investigated the source of this increased activity.  

We previously showed that AR inhibition leads to upregulation of ErbB3 [12] which, similar to 

EGFR, is activated by ligand binding, and requires dimerization with other members of the family 

(EGFR, ErbB2, ErbB4) for complete action [13]. The expression of ErbB3 increased in tumor tissue 

compared to normal and is further increased in CRPC [12].  Increased ErbB3 resulted in improved 

growth and survival and also augmented AR transcriptional activity on a PSA promoter. Therefore, 

regulation of ErbB3 is of utmost importance in PCa. We also showed that in androgen-dependent cells, 

the AR suppresses ErbB3 levels by stimulating the transcription of an E3 ubiquitin ligase, Nrdp1 (also 

called RNF41 or FLRF) [12], which is known to regulate the degradation of ErbB3 [14, 15]. Recently, 

Carver et al [10] showed the presence of a reciprocal feedback loop in which PI3K pathway inhibition 

activates AR signaling by relieving feedback inhibition of HER kinases, especially ErbB3. 

We reason that the AR normally suppresses ErbB3 in androgen-dependent cells as a 

mechanism of preventing bypass pathways that result in CRPC. However, in CRPC, this mechanism is 



altered and the AR is no longer able to regulate Nrdp1 [12]. This causes unregulated ErbB3 expression 

and activation of pathways downstream of this RTK. In this project, we address why the AR regulates 

Nrdp1 in androgen-dependent but not in castration-resistant PCa. We show that the regulation of Nrdp1 

by the AR requires the presence of a structural protein, Filamin A (FlnA) in the nucleus. We previously 

showed that FlnA is present in the nuclei of androgen-dependent but not castration-resistant PCa [16]. 

Nuclear FlnA promoted androgen-dependent cell growth, whereas the cells became castration-resistant 

in its absence [17]. However, restoration of FlnA in the nucleus restored androgen-dependent cell 

growth [17]. Full-length FlnA (280kDa) is cytoplasmic, whereas cleavage of this protein to a 90kDa 

fragment allows nuclear localization of the cleaved product [18]. Recently, we showed that FlnA 

cleavage is AR regulated and AR inhibition prevents its cleavage and nuclear localization [19]. Here, 

we demonstrate that restoration of FlnA nuclear localization restored the ability of the AR to regulate 

Nrdp1 transcription, thereby showing that FlnA directly regulates the AR transcription program.  

Previous studies had indicated that the AR regulates a distinct transcription program in CRPC 

compared to androgen-dependent cells [20]. For example, the AR selectively upregulates M-phase cell-

cycle genes in CRPC cells that it does not in androgen-dependent cells. Our current data supports this 

observation and indicates that recruitment of suitable co-regulators, either activators or suppressors, 

likely determine the program that the AR regulates. 



MATERIALS AND METHODS 

Cell culture and materials: LNCaP, CWR22Rv1 (ATCC, Manassas, VA), C4-2 (Urocor, Oklahoma 

City, OK), CWR22R1, LNCaP AI, RWPE1, PC3, DU145 cells were cultured in RPMI 1640 medium with 

5% fetal bovine serum and 1% antibiotic-antimycotic solutions. HEK 293T cells were from Thermo 

Scientific. Cells were transiently transfected using Lipofectamine 2000 reagent (Invitrogen, Grand 

Island, NY) according to manufacturer’s specifications based on established protocols using 1µg 

plasmid DNA The following plasmids were used in the transfections: pCMV-FlnA, FlnA(16-24) and 

FlnA(1-15) plasmids were kindly provided by Dr. E.W. Yong, National University of Singapore, 

Singapore. Human PSA-luciferase construct (hPSA-luc) was kindly provided by Dr. XuBao Shi, 

University of California Davis, Dept of Urology. An shRNA to Nrdp1 has been described earlier [15]. 

Casodex (bicalutamide) was kindly provided by AstraZeneca, Cheshire, UK. Dihydrotestosterone (DHT) 

was obtained from Sigma. Antibodies Used: ErbB3, Lamin A, Nrdp1 and a-Tubulin were from Cell 

Signaling Technology (Beverly, MA), AR and B-Actin were from Santa Cruz Biotechnology (Santa Cruz, 

CA) and FlnA was from Millipore (Billerica, MA). 

Additional methods are described in Supplementary Materials 

Plasmids: Human Nrdp1-luciferase constructs pGl4.11 ARE.03, mutated ARE.03, mutated right hand 

side ARE.03, and mutated left hand side ARE.03 were constructed as follows: A 500bp fragment 

immediately upstream of the Nrdp1 transcriptional start site was amplified from LNCAP genomic DNA 

using primers caTca gat Gcgc ggt acc GGT TAC GAA GCT CTG GGA TGC T and caTca gat Gcgc gct 

agc GAA GAC TCC TAC CAC TCG TCG C and then directionally cloned into the Kpn1 and Nhe1 cut 

pGL4.11 reporter construct (Promega).  The ARE in the middle of this 500bp sequence was either left 

intact (Nrdp1 ARE.03 wild-type) or mutated at both half sites, or mutated individually within each ARE 

half-site.   

PCR:  The following primers were used; for PSA ARE with an annealing temperature of 58°C  5’-

GCACGTGAGGCTTTGTATGA (forward) and 5-AAACCTTCATTCCCCAGGAC (reverse), Nrdp1 



ARE.01 with an annealing temperature of 56.3°C 5’-ACCTCAGCTCATCTGCCTGT (forward) and 5’-

AGGCAGGAGAAGCATTTGAA (reverse), Nrdp1 ARE.02 with an annealing temperature of 52°C 5’-

CCTGTACTGGCTCCTCCAAGAC (forward) and 5’-TGAATGGATCTTGGCAATGAGT (reverse), and 

Nrdp1 ARE.03 with an annealing temperature of 56.3°C 5’-TTACGAAGCTCTGGGATGCT (forward) 

and 5’-CCCAGCCAGGACTATGTAGC (reverse) 

Mouse studies: 4-5-week old nu/nu athymic male mice were obtained from Harlan Sprague Dawley, 

Inc. (Indianapolis, IN) and implanted subcutaneously with sustained release testosterone pellets (12.5 

mg, 90-day release; Innovative Research of America, Sarasota, FL).  Suspensions of CWR22 cells 

were made in 50% Matrigel solubilized basement membrane (BD Biosciences, Bedford, MA) and 

xenografts were established by subcutaneous injections of 2.5 x 106 cells/site into both flanks. When 

palpable tumors were observed, animals were (i) left intact (sham operated: the animals were opened 

up, but then reclosed without any additional procedure) or (ii) castrated by bilateral orchiectomy in 

anesthetized mice. The animals were followed for approximately four weeks, after which the mice were 

euthanized, tumors were collected and divided into sections for paraffin-embedding.  

Statistical analysis: Median staining levels were compared between cancer and non-cancer cells from 

the same subject using Wilcoxon signed-rank tests.  Median staining levels were compared between 

levels of categorical demographic characteristics using Wilcoxon rank-sum tests, in the case of 

demographic characteristics with two levels, or using Kruskal-Wallis tests, in the case of demographic 

characteristics with more than 2 levels.  The correlations between staining levels and continuous 

demographic characteristics were estimated using Spearmans' rho. All analyses were conducted using 

R, version 2.13.0 (R Development Core Team, 2011). Mice tumor data was analyzed by normalization 

of all measurements to pre-operation (sham or castration) measurements for each individual mouse, 

then mean and standard errors calculated for the aggregate group. For staining analysis, associations 

were based on Pearson’s product moment correlation coefficient. Similar statistical considerations had 

been reported earlier in more details [21, 22]. 



RESULTS 

Nrdp1 is expressed in both the nucleus and the cytoplasm of prostate epithelial cells.  We 

previously showed that ErbB3 plays a major role in PCa progression and that ErbB3 levels are elevated 

during AWT due to suppression of the E3 ubiquitin ligase Nrdp1, which enables ErbB3 degradation 

[12]. Hence we investigated the expression of Nrdp1 in primary prostate tumor and surrounding non-

tumor tissues available from the archives of the VA Northern California Health Care System 

(VANCHCS), Laboratory and Pathology Services. Sections from prostate tumors of 78 patients who 

underwent radical retropubic prostatectomy at VANCHCS between 1996 and 2002 were analyzed for 

these studies. Patient characteristics are described in Supplementary Table 1. The tissues were 

arranged in a tissue microarray (TMA) and sections of the TMA were stained with an antibody to Nrdp1. 

The specificity of the staining was verified in HEK 293T cells with a control or Nrdp1 shRNA 

(Supplemental Figure 1). In the prostate tissue, Nrdp1 was expressed in the nucleus, the cytoplasm or 

both, in various patients (Figure 1A).   

Both nuclear and cytoplasmic Nrdp1 levels in prostate tumor tissue correlate with nuclear AR 

expression. Using a Nrdp1 scoring system based on IHC intensity from 0 to 3, where 0 presents no 

Nrdp1 and 3 represents the highest protein levels, we observed that Nrdp1 nuclear protein levels 

remains consistent between tumor and non-tumor tissue, whereas cytoplasmic Nrdp1 was significantly 

increased in tumor tissue compared to non-tumor (p<0.001) (Figure 1B, Supplementary Table 2). 

Examination of Oncomine datasets showed that a similar trend is observed in mRNA levels from 

human prostate as determined by various investigators; however, the same datasets also showed that 

AR levels were increased in tumor tissue vs non-tumor (Supplementary Figure 2). Hence, we also 

investigated the protein levels of AR in our TMA tissues (Supplemental Figure 3). Comparison of AR 

and Nrdp1 levels revealed a significant correlation between Nrdp1 levels (both nuclear and 

cytoplasmic) and nuclear (active) AR (cytoplasmic: pairwise correlation coefficient: 0.42; p<0.001; 

nuclear: pairwise correlation coefficient: 0.26; p=0.035) (Figure 1C, Supplementary Table 3). Hence 



we postulated that Nrdp1 levels may be upregulated in prostate tumor in comparison with non-tumor 

tissue due to an increase in AR levels, perhaps in an attempt to suppress the levels of ErbB3. 

Nrdp1 levels in the tumor tissues inversely correlated with PSA failure. Comparison of Nrdp1 

expression in patients who later experienced PSA failure vs those whose cancer did not recur, showed 

that Nrdp1 staining in the nucleus of epithelial cells in the tumor regions was significantly lower in 

subjects with PSA failure, with a median staining level of 0.0 in subjects with PSA failure and a median 

staining level of 0.7 in subjects without PSA failure (p = 0.029) (Figure 1D). Other demographic and 

baseline variables were not significantly associated with staining levels, however, the levels of 

cytoplasmic Nrdp1 was also considerably lower in patients with PSA failure (Figure 1D). In logistic 

regression analysis of the probability of PSA failure by Nrdp1 levels in the nucleus of cancer cells, a 

trend was seen towards decreased probability of PSA failure with higher Nrdp1 levels (p = 0.059, odds 

ratio = 0.41, 95% CI = [0.15, 0.97]).  The odds ratio here represents the incremental change in odds for 

each unit change in Nrdp1.  The area under the ROC curve for Nrdp1 in the nucleus of cancer cells as 

a predictor of PSA failure is 0.604. These results indicate a trend towards lower Nrdp1 levels in more 

aggressive tumors, and a dependence on AR levels for expression.  

Nrdp1 expression is androgen regulated. Since Nrdp1 expression is observed in both the nucleus 

and the cytoplasm in tumor tissue, we investigated the localization of this protein in androgen-

dependent LNCaP PCa cells and a more aggressive subline C4-2, developed from recurrent LNCaP 

tumors in castrated nude mice [23]. In LNCaP cells, the protein was observed mostly in the cytoplasm 

while in C4-2 cells, it was observed mostly in the nucleus, (although some Nrdp1 expression was 

observed in both compartments in both lines) (Figure 2A). Western blotting revealed that the 

cytoplasmic band in less aggressive LNCaP cells corresponded to a 36kDa band while the nuclear 

band in more aggressive C4-2 cells corresponded to a 28kDa band (Figure 2B).  

 Nrdp1 is predicted to have multiple alternately spliced structures resulting in two major proteins 

isoforms of 317 amino acids (36kDa) and 246 amino acids (28kDa) (Supplementary Figure 4A). In 

LNCaP cells, prolonged culture in medium containing CSS caused decreased expression of both the 



36kDa and the 28kDa bands (Figure 2C) (see also Supplementary Figure 4B for the effect of 

prolonged exposure to CSS). In contrast, addition of 1 nM dihydrotestosterone to cells cultured in the 

absence of androgens resulted in significant increase in Nrdp1 levels in the cytoplasm (Figure 2D). 

These results show that Nrdp1 expression is androgen regulated. 

AWT suppresses Nrdp1 levels in a mouse model of PCa progression.  To confirm AR regulation of 

Nrdp1 in vivo, athymic nu/nu mice were subcutaneously implanted with CWR22 tumor cells and the 

xenografted mice were subjected to either castration (n=6) or a sham operation (n=6).  Following 

castration the CWR22 tumors did not grow, while those that were sham operated continued to grow, 

indicating that the CWR22 tumors were androgen-dependent (Figure 3A).  At the end of the study, the 

tumors were collected, paraffin embedded, sectioned, and stained by immunohistochemistry (IHC).  

The levels of nuclear AR were significantly lower in castrated mice compared to the intact animals 

(p=0.016) while the cytoplasmic AR levels were higher (Figure 3B), indicating AR inactivation (AR is 

active in the nucleus).  IHC on tumors samples to determine the levels of Nrdp1 demonstrated the 

presence of Ndrp1 in both the nucleus and the cytoplasm (Figure 3C). The tumors were scored for the 

presence of Nrdp1 in the cytoplasm or the nucleus and showed no significant change in nuclear Nrdp1 

but a strong decrease in cytoplasmic Nrdp1 after castration (Figure 3D).  Taken together with AR 

expression, these results demonstrate a correlation between nuclear AR and cytoplasmic Nrdp1, which 

showed a statistical correlation (Pearson correlation = 0.734) that was strongly significant (p=0.0028) 

(Figure 3E, left).  Because Nrdp1 was shown to regulate ErbB3 in vitro in PCa [12], we correlated 

ErbB3 levels with Nrdp1 in the intact mice and found a significant inverse relationship, (Pearson 

correlation = -0.533; p=0.04) (Figure 3E, right). These results confirm our previous in vitro observation 

demonstrating that Nrdp1 levels are regulated positively by the AR and in turn, negatively regulate 

ErbB3 [12].  

 Comparison of CWR22 tumors to those formed from CRPC CWR22Rv1 cells (derived from 

castrated mice growing relapsed CWR22 tumors) showed that in both cases, cytoplasmic Nrdp1 

staining was higher than that in the nucleus (Supplementary Figure 5A). However, in contrast to 



CWR22 tumors, CWR22Rv1 tumors did not demonstrate a significant change in Nrdp1 or AR 

expression after castration (Supplementary Figure 5B). These results confirm androgen regulation of 

Nrdp1 in androgen-dependent PCa but not in CRPC.  

Nrdp1 is a direct transcriptional target of the AR.  Based on the above, we investigated whether 

Nrdp1 was a direct transcriptional target of AR. Nrdp1 is known to contain at least 5 promoter regions, 

which express three androgen response elements (ARE) (Figure 4A) – of these, ARE.01 and ARE.02 

were located just upstream of the translated region, while ARE.03 was located 209 bp upstream of the 

transcriptional start site (Supplementary Figure 4). ARE.03 is a full 15-bp bipartite palindromic 

sequence very similar to the AREs found in PSA, the quintessential AR target gene, whereas ARE.01 

and ARE.02 are non-palindromic half-sites (Figure 4A, upper). Comparison of AR binding to the three 

ARE regions showed no significant difference in AR binding to ARE.01 (Figure 4A, lower left) or 

ARE.02 (not shown) among androgen-dependent and –independent cell lines, whereas AR binding to 

ARE.03 was higher in LNCaP cells (where Nrdp1 is androgen regulated), compared to that in LNCaP-

AI cells (derived by continuous culture of LNCaP cells in CSS-containing medium), and in C4-2 cells 

(where Nrdp1 is independent of androgens) [12] (Figure 4A, lower right). These results indicated that 

ARE.03 may be the more important mediator of AR regulation in Nrdp1.  

To demonstrate androgen-responsiveness of AR binding to ARE.03, androgen-dependent 

LNCaP PCa cells were cultured in fetal bovine serum (FBS) containing high levels of androgens or in 

low androgen charcoal stripped FBS (CSS) [24], in the presence or absence of 1 nM DHT to stimulate 

AR transcriptional activity. In LNCaP cells the regulation of Nrdp1 is androgen-dependent, with a 

decrease of protein levels in CSS medium compared to FBS medium and a restoration of Nrdp1 protein 

levels in CSS with DHT added (Figure 4B, left). In contrast, in C4-2 cells, AR binding to ARE.03 was 

weak, whereas that to the PSA promoter was strong (Figure 4B, right). To test the potential 

responsiveness to AR, we created luciferase constructs with the Nrdp1 promoter region containing 

ARE.01 or ARE.03.  The plasmids were transfected into LNCaP cells which were further treated with 

DMSO, 1 nM DHT, or the AR antagonist bicalutamde (Casodex; 10µM). The response of LNCaP cells 



to ARE.01 was very low compared to PSA ARE (Figure 4C); however, the response to ARE.03 was 

much stronger. Two luciferase constructs for ARE.03 were used - one wild-type and one with several 

bases mutated to prevent AR binding. Significantly, AR transcriptional activity on the Nrdp1 promoter 

increased 3-fold after the addition of DHT (p=0.046) but this effect was prevented by bicalutamide 

(p>0.05). In contrast, there was little to no luciferase activity when transfected with the mutated 

ARE.03, indicating the bases mutated (containing the ARE) were needed for transcription of Nrdp1 

(Figure 4D).  This confirmed that ARE.03 of Nrdp1 is indeed a direct transcriptional target of the AR in 

LNCaP cells.   

Sensitivity of AR transcriptional activity to AR inhibition correlated with localization of the 

cytoskeletal protein FlnA in the nucleus. To determine the cause behind the difference in binding 

pattern of AR to ARE.03 in LNCaP and C4-2 cells, we analyzed the genomic region of Nrdp1 in LNCaP 

and C4-2 cells and found no sequence variation between the gene sequence of the Nrdp1 promoter in 

these two cell lines indicating that the lack of AR binding was not due to a mutation in the Nrdp1 

promoter (Supplementary Figure 6). Hence, other causes were investigated to account for the 

difference in characteristics.  

Previous reports from our lab had shown that nuclear expression of the actin-binding protein 

FlnA is lost in CRPC but that reintroduction of FlnA in the nucleus can sensitize CRPC cells to AWT 

[16, 17]. Hence we investigated whether FlnA may restore the ability of AR in CRPC lines to regulate 

Nrdp1 transcription. In LNCaP cells, FlnA expression is strongly nuclear, whereas in C4-2 cells, it is 

strongly cytoplasmic. Transfection of a plasmid expressing C-terminal FlnA (FlnA 16-24), which 

resulted in the appearance of a 90kDa FlnA fragment [17, 18], restored nuclear expression of FlnA in 

C4-2 cells (Figure 5A, upper panels), whereas transfection of a plasmid expressing N-terminal FlnA 

(FlnA 1-15), which resulted in the appearance of a 170 kDa FlnA fragment, did not affect its localization 

(not shown). FlnA has been identified in the nucleolus as well [25], but despite decreased FlnA 

expression in the nucleoplasm of C4-2 cells (Figure 5A, middle panels), it’s expression in the 

nucleolus remained unchanged. In addition, transfection of FlnA 16-24 reduced cell numbers (Figure 



5A, lower panel). Thus, LNCaP cells, in which the AR transcriptionally targets Nrdp1, has nuclear 

FlnA, whereas C4-2 cells, where Nrdp1 is not significantly AR regulated, expresses cytoplasmic FlnA.  

Based on the above, we investigated whether FlnA regulates AR transcriptional activity and 

whether restoration of FlnA nuclear localization promoted AR binding to its transcripitional targets. 

Since PSA is the most common AR transcriptional target, we first determined the effect of FlnA on PSA. 

Bicalutamide significantly inhibited AR transcriptional activity on a PSA promoter (67.8% decrease in 

AR activity induced by bicalutamide, p=0.037) in LNCaP cells subjected to control siRNA; however, 

upon FlnA downregulation using a FlnA siRNA (Figure 5B, lower), the cells acquired resistance to 

bicalutamide (Figure 5B, upper). Next, we investigated which domain of FlnA regulated AR activity on 

the same PSA promoter. When transfected with a control vector, LNCaP cells cultured in CSS 

experienced 72% inhibition of AR activity on PSA vs. FBS (p<0.00001), whereas transfection of FlnA 1-

15, prevented this effect. In contrast, transfection with FlnA 16-24 increased the difference (80.24% 

change FBS vs CSS, p=0.0002) (Figure 5C). Therefore, expression of N-terminal FlnA (FlnA 1-15), 

which remains cytoplasmic, prevented androgen responsiveness; while expression of C-terminal FlnA, 

which migrated to the nucleus, had the reverse effect. We conclude that the expression of nuclear FlnA 

imparted androgen sensitivity whereas in the absence of nuclear FlnA, AR continuously stimulated PSA 

in an androgen-independent manner.  

The ability of the AR to regulate Nrdp1 levels correlates with the expression of 90kDa FlnA.  In 

order to demonstrate correlation between FlnA expression and Nrdp1 control by AR in PCa, we utilized 

two cell lines derived from relapsed CWR22 tumors, CWR22Rv1 and CWR-R1. We previously showed 

that CWR22Rv1 cells do not express nuclear FlnA compared to the parental androgen-dependent line 

CWR22, which does so (see Supplemental material to [17]). Both cell lines are castration-resistant; 

however, CWR-R1 cells exhibited greater androgen sensitivity as demonstrated by the response of 

these cells to bicalutamide (Figure 6A). Both lines express similar levels of AR (p>0.05), however, 

CWR-R1 cells expressed higher levels of FlnA compared to CWR22Rv1 (p<0.01) (Figure 6B). 

Comparison by Western blotting indicated higher protein levels of FlnA in CWR-R1 in support of the 

increased mRNA levels, and the presence of AR in both lines, although Rv1 cells expressed higher 



levels of a truncated form of AR, and lower levels of the full-length protein compared to R1, as we had 

previously shown [26] (Figure 6C, left). ChIP assay showed AR binding to PSA ARE in both cell lines, 

but AR binding to Nrdp1 ARE.03 only in CWR-R1 cells which expressed nuclear 90kDa FlnA, but not 

CWR22Rv1 cells which expressed little FlnA (Figure 6C). As a result, in CWR-R1 cells, Nrdp1 protein 

levels decreased in the absence of androgens but was restored upon addition of DHT, whereas in 

CWR22Rv1 cells, there was no correlation between androgen levels and Nrdp1 expression (Figure 

6D). Correspondingly, AR expression was also regulated in CWR-R1 cells in an androgen-dependent 

manner, whereas in CWR22Rv1 cells, where the major form of AR was the truncated form lacking the 

ligand binding domain, AR expression was ligand-independent. The levels of ErbB3 correlated 

negatively with Nrdp1 and hence in CWR-R1 cells, it was androgen-regulated, but not in CWR22Rv1. 

Taken together with results from the previous figure, we conclude that AR transcriptional regulation of 

Nrdp1, but not PSA, correlates with the expression of FlnA in the nucleus.  

Ectopic expression of nuclear FlnA restores AR regulation of Nrdp1 in CRPC cells lacking 

inherent nuclear FlnA expression.  Previous studies showed that nuclear FlnA interacts with the AR 

and acts as a co-regulator for transcriptional control [18, 27]. Therefore, we investigated whether FlnA 

nuclear localization regulated the ability of AR to bind to the Nrdp1 promoter and coordinate its 

transcription. As before, the AR failed to bind to Nrdp1 ARE.03 in C4-2 cells, however, transfection of 

FlnA 16-24 in C4-2 cells, which we have shown earlier to restore nuclear FlnA in C4-2 cells (Figure 

5A), reestablished AR binding to Nrdp1 ARE.03 (Figure 7A).  In order to determine if this reflected a 

renewal of AR transcriptional activity on Nrdp1 in C4-2 cells we also performed a luciferase assay on 

the C4-2 FlnA 16-24 cells using the Nrdp1 ARE.03 luciferase construct and the mutant ARE.03 

construct.  The cells were transfected with either vector and treated with DMSO, DHT, or bicalutamide.  

The mutant ARE.03 construct showed little AR transcriptional activity, while in cells transfected with the 

wild-type ARE.03 vector, transcription of the plasmid was increased in the presence of DHT and 

inhibited by bicalutamide, indicating a restoration of androgen-sensitivity (Figure 7B).  In contrast, other 

FlnA constructs that did not restore nuclear FlnA localization [17], did not have as significant an effect 

on Nrdp1 transcription. (Figure 7C). Correspondingly, transfection of FlnA16-24 restored the 



expression of cytoplasmic FlnA in C4-2 cells (Figure 7D).  We conclude that in androgen-dependent 

PCa, the AR is able to bind to the Nrdp1 ARE.03 region and cause transcription of Nrdp1 to 

downregulate ErbB3.  After androgen ablation, the AR is no longer able to bind and prevents Nrdp1 

transcription, which allows ErbB3 to be overexpressed (Supplementary Figure 7).  These results 

indicate that FlnA 16-24 is crucial for AR regulation of Nrdp1 in PCa and that introduction of nuclear 

FlnA can restore androgen regulation of Nrdp1.   

 



DISCUSSION 

Similar to androgen-dependent prostate cells, CRPC cells also rely on the AR for growth and 

survival [9]. The AR normally is activated by androgen binding, in CRPC, the requirement for 

androgens is abrogated and the AR can be activated by aberrant binding of non-specific ligands or in a 

completely ligand-independent manner. We previously showed that increased expression of ErbB3 

promotes ligand-independent AR activation whereas the AR itself suppresses ErbB3 levels in 

androgen-dependent but not in CRPC cells [12]. AR regulation of ErbB3 is mediated by transcriptional 

regulation of Nrdp1 in androgen-dependent cells, but the AR loses the ability to target Nrdp1 in CRPC 

[12]. Here, we investigate the cause of this loss of AR function and mechanisms by which this function 

may be restored.  

In this paper, we demonstrate that Nrdp1 is a direct transcriptional target of the AR in androgen-

dependent but not in CRPC cells. We previously showed that the AR also promotes the cleavage of a 

structural cytoplasmic protein, the 280kDa FlnA, to a 90kDa fragment that translocates to the nucleus 

[19]. Here, we show that restoration of FlnA to the nucleus promotes AR binding to the Nrdp1promoter, 

while making AR binding to the PSA promoter ligand-dependent. Our data indicate that FlnA helps 

redirect the AR and choose its targets. It is likely that AR binding to the PSA promoter is more 

indiscriminate compared to the requirements for it to bind the Nrdp1 promoter. Future studies will 

determine whether FlnA helps recruit certain co-regulators that allow the AR to bind to the Nrdp1 

promoter whereas the same co-regulators are not required for PSA transcription. 

In recent times, multiple investigators have compared the transcription programs the AR 

regulates in androgen-dependent vs castration-resistant cells [20, 28, 29]. These studies demonstrate 

that AR persistently occupies a distinct set of genomic loci after androgen deprivation in CRPC [28]. 

These androgen-independent AR occupied regions have constitutively open chromatin structures that 

lack the canonical androgen response element and are independent of FoxA1, a transcription factor 

involved in ligand-dependent AR targeting. In CRPC cells that express a truncated AR distinct from the 

full-length receptor, this may be accounted for as distinct transcription programs regulated by the two 



AR isoforms [29]. For example, it was shown that the AR selectively upregulates M-phase cell-cycle 

genes in androgen-independent cells, unlike in androgen-dependent cells [20]. Our current results 

indicate that the presence of FlnA (and perhaps other similar proteins) in the nucleus likely contributes 

to this difference in program. The regulation of Nrdp1 is significant because of the implications in the 

effect of the AR on the activation of signaling pathways downstream of ErbB3, which has been 

implicated in the progression of several metastatic cancers including prostate cancer [12, 30].  

Nrdp1 was first identified as a E3 ubiquitin ligase that caused ErbB3 degradation in breast 

cancer cells [14, 15, 30]. Since then, this RING finger containing molecule has been found to regulate 

other proteins as well, such as BRUCE, an inhibitor of apoptosis proteins (IAP) [31], parkin [32], the 

production of proinflammatory cytokines [33], type 1 cytokine receptor [34], and even transcription 

factor CCAAT/enhancer-binding Protein β (C/EBPβ) [35]; and may play a role in regulating ischemia 

and reperfusion-induced cardiac injury [36], differentiation of the melanocyte lineage [37], and 

sensitizes cells to oxidative stress [38]. A number of transcription factors other than AR may also have 

binding sites on the Nrdp1 promoter, including SMAD, GATA3, FKHRL1, NANOG, OCT3/4, ER, VDR, 

E2F, CREB, EGR, STAT, PPARG, BARBIE and p53 (unpublished observations). On the other hand, 

other regulators of ErbB3 in PCa, such as Ebp1 [39], have been identified. Therefore, AR regulation of 

Nrdp1, or Nrdp1 regulation of ErbB3, is not absolute. However, our results indicate that Nrdp1 

regulation of ErbB3 is an important mechanism by which the AR regulates the activation of escape 

mechanisms in PCa.  

Our data indicate a function of Nrdp1 other than degradation of proteins. Two isoforms of Nrdp1 

have been identified, a 36kDa and a 28kDa form. The 28kDa form lacks the RING finger domain and is 

therefore assumed to be a dominant negative form of the protein [40]. Here we show that the 28kDa 

form is primarily in the nucleus whereas the 36kDa form is primarily in the cytoplasm. Since the 36kDa 

form contains the RING finger domain and binds ErbB3 [14], which acts primarily in the plasma 

membrane, it will be active in the cytoplasm. On the other hand, the dominant negative form may be 

sequestered in the nucleus to prevent resistance to this process. However, ErbB3 is also present in the 

nucleus [41, 42]; it remains to be seen whether Nrdp1 interacts with ErbB3 in the nucleus as well. In 



C4-2 cells, the 28kDa Nrdp1 isoform was the major isoform expressed and it was localized mostly in 

the nucleus; in these cells, the AR is unable to regulate Nrdp1 levels. Future studies will reveal whether 

androgen dependent transcription favors one form over the other.  

This hypothesis explains why cytoplasmic, but not nuclear, Nrdp1 levels increase in tumor 

tissue compared to non-tumor prostate. Cytoplasmic Nrdp1 levels correlated with nuclear AR 

expression and hence in androgen-dependent PCa, an increase in AR levels stimulated Nrdp1 

expression likely to prevent AR-independent signaling downstream of ErbB3, whereas androgen 

withdrawal relieves feedback inhibition which stimulates ErbB3 increase. On the other hand, Nrdp1 

levels were significantly lower in tumors from patients who later undergo PSA failure. Multivariate 

analysis indicate that patients with lower Nrdp1 have a higher probability of undergoing PSA failure.  

Finally, we demonstrate that the presence of nuclear FlnA determines the transcriptional target 

of the AR. AR binds ARE.03, but not ARE.01, on the proximal Nrdp1 promoter only in the presence of 

nuclear FlnA. Unlike Nrdp1, AR can bind to the proximal PSA promoter in the absence of nuclear FlnA; 

but in the presence of nuclear FlnA, AR binds to PSA ARE, similar to Nrdp1 ARE.03, in an androgen-

dependent manner. Hence in the presence of nuclear FlnA, AR can bind its target gene (whether PSA 

or Nrdp1 ARE.03) only in the presence of androgens. However, in the absence of FlnA AR can still bind 

to PSA ARE, but not to Nrdp1. We conclude that in androgen-dependent cells expressing nuclear FlnA, 

in the presence of androgens, the AR transcribes Nrdp1 which suppress ErbB3 levels. Androgen 

withdrawal in these cells relieves feedback inhibition which promotes ErbB3 increase (leading to 

increased AR activity and elevated cell growth). However, in CRPC cells that lack FlnA nuclear 

localization, the AR is unable to bind to the Nrdp1 promoter, but binds to the PSA promoter, which 

results in increased PSA expression but does not prevent cell growth.  
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FIGURE LEGENDS 

Figure 1.  Nrdp1 levels in human prostate tumor tissue correlate positively with nuclear AR 

expression and negatively with PSA failure.  (A). Formalin fixed paraffin-embedded human localized 

prostate cancer specimens obtained by prostatectomy were arranged in a tissue microarray and 

stained with anti-Nrdp1 antibody. Nrdp1 expression was observed in the nucleus, cytoplasm or both 

and was scored in both benign and cancerous prostate tissues. (B). Boxplots showing distribution of 

Nrdp1 and in the nucleus or cytoplasm of cancer compared to non-tumor tissue. The expression of 

nuclear Nrdp1 remains the same in both cancer and non-tumor tissues, whereas cytoplasmic 

expression of Nrdp1 increases in tumor compared to non-tumor tissue.  (C). Boxplot showing 

correlation between levels of cytoplasmic Nrdp1 with nuclear AR (p<0.001).  (D). Boxplot showing the 

decrease in Nrdp1 expression in patients who later underwent PSA failure compared to those who did 

not. Both nuclear and cytoplasmic levels of Nrdp1 decrease.  

 

Figure 2.  Nrdp1 isoforms are androgen regulated and differentially expressed in the nucleus 

and cytoplasm of androgen dependent and castration resistant prostate cancer cell lines. (A).  

(Top). Expression of Nrdp1 as determined by immunofluorescence in androgen-dependent LNCaP 

cells grown in FBS.  Note that the majority of Nrdp1 in LNCaP cells is expressed in the cytoplasm.  

(Bottom).  Expression of Nrdp1 as determined by immunofluorescence in CRPC C4-2 cells grown in 

FBS.  Note that the majority of Nrdp1 in C4-2 cells is expressed in the nucleus.  (B). Subcellular 

fractionation of LNCaP and C4-2 cells grown in CSS show that in LNCaP cells the 36kDa isoform of 

Nrdp1 is expressed mainly in the cytoplasm, with negligible levels of the 28 kDa isoform, while in C4-2 

cells the 28kDa isoform is the dominating form and is mainly expressed in the nucleus (with a small 

amount of the 36 kDa isoform in the cytoplasm.  (C). LNCaP cells were cultured in media containing 

FBS or CSS for 7 days. Cell lysates were immunoblotted with anti-Nrdp1 and anti-tubulin antibodies.  

Note that exposure to lower levels of androgens (CSS) caused a decrease in both 36 kDa and 28 kDa 

Nrdp1 levels.  (D).  (Top).  Immunofluorescence of Nrdp1 in LNCaP cells grown in CSS showing loss of 



Nrdp1 expression from the cytoplasm. (Bottom).  Immunofluorescence of Nrdp1 in LNCaP cells in CSS 

media plus 1 nM DHT, showing that upon androgen stimulation, Nrdp1 levels in the cytoplasm 

increase.   

 

Figure 3.  Androgen withdrawal therapy (AWT) suppresses Nrdp1 levels in a mouse model of 

prostate cancer progression.  (A). Nude mice were injected with CWR22 tumors and either castrated 

(n=6) or left intact (n=6). Tumor volume was measured periodically and expressed as mean ± Std error 

of volume normalized to day of castration. Note that tumor size in the intact mice increased by 3-fold 

within 29 days, whereas in the castrated mice they did not grow (max growth 1.2-fold after 10 days from 

day of castration) (p=0.02).  (B). Boxplot showing nuclear and cytoplasmic AR levels in the intact 

(sham-operated) and castrated mice bearing CWR22 xenografts.  AR levels in the nucleus where 

significantly lower in the castrated group (mean score 1.03 ± 0.298) vs the intact group (mean score 

1.55 ± 0.272) (p=0.0162), while AR levels in the cytoplasm were slightly higher in the castrated group 

(mean score 1.9 ± 0.2236) vs the intact group (mean score 1.38 ± 0.49) (p=0.0552).  (C). 

Immunohistochemistry of CWR22 tumors from a castrated mouse (right), and an intact mouse (left), 

demonstrating higher levels of cytoplasmic Nrdp1 in the intact mouse, but not nuclear Nrdp1, compared 

to castrated mice.  (D). Boxplot showing nuclear and cytoplasmic Nrdp1 levels in the intact (sham-

operated) and castrated mice bearing CWR22 xenografts.  Nrdp1 levels in the nucleus where higher in 

the castrated group (mean score 1.0 ± 0.00) vs the intact group (mean score 0.78 ± 0.455) (p>0.05), 

while Nrdp1 levels in the cytoplasm were lower in the castrated group (mean score 0.9 ± 0.074) vs the 

intact group (mean score 1.14 ± 0.22) (p=0.05).  (E). (Left).  Comparison of AR vs cytoplasmic Nrdp1 

levels in castrated CWR22 mice showing that as AR increases, so do cytoplasmic Nrdp1.  (Right).  

Comparison of Nrdp1 vs ErbB3 levels in intact CWR22 mice showing that as Nrdp1 increases, ErbB3 

levels decrease.  

 

Figure 4.  Nrdp1 is a direct transcriptional target of the androgen receptor. (A). (Top).  

Comparison of PSA and Nrdp1 AREs shows that the PSA ARE and Nrdp1 ARE.03 both contain a full 



palondromic ARE, while ARE.01 and ARE.02 contain only a half site.  (Bottom).  ChIP assay of AR 

binding to Nrdp1 ARE.01 vs Nrdp1 ARE.03 in C4-2, LNCaP, and LNCaP AI.  AR only binds to Nrdp1 

ARE.03 in androgen dependent LNCaP cells and not androgen independent LNCaP AI and C4-2 cells 

(right), while it binds in all three cell lines to Nrdp1 ARE.01 (left).  Cells were cultured in FBS medium.  

Chromatin samples were immunoprecipitated with anti-AR antibody and analyzed by PCR with primers 

flanking the Nrdp1 ARE.03 and Nrpd1 ARE.01 regions.  Input is control reactions of genomic DNA prior 

to immunoprecipitation.  (B). (Left).  ChIP assay of AR binding in LNCaP cells to ARE.03.  Cells were 

cultured in FBS medium, CSS medium, or CSS medium with the addition of 1 nM DHT after the first 

day.  Input is control reactions of genomic DNA prior to immunoprecipitation.  Chromatin samples were 

immunoprecipitated with anti-AR andtibody and analyzed by PCR with primers flanking the Nrdp1 

ARE.03 region.  (Right).  ChIP assay of AR binding in C4-2 cells to ARE.03 vs. PSA. Note that 

although AR did not bind to Nrdp1 ARE.03, it did bind to PSA in these cells.  (C). AR binding to ARE.01 

is not androgen-dependent.  Luciferase assay was performed in cells transfected with a plasmid 

expressing ARE.01 or PSA. Compared to PSA, these cells activated very little Nrdp1 ARE.01. Cells 

were cultured in FBS medium and transfected with a control plasmid, a plasmid expressing PSA ARE, 

or Nrdp1 ARE.01 in the presence of DMSO, 1 nM DHT, or 10 µM bicalutamide, and AR transcriptional 

activity was measured by luciferase assay.  (D). Mutation of normal ARE.03 to abolish AR binding.  

(Top).  Nucleotide sequence of normal Nrdp1 ARE.03 and mutant ARE.03 that were inserted into 

luciferase constructs to test AR transcriptional activity.  (Bottom).  Increased AR transcriptional activity 

in LNCaP cells on wild-type and mutant ARE.03 in the presence of vehicle, 1 nM DHT or 10 µM 

bicalutamide (caso) compared with control vector and mutant ARE.03.  

 

Figure 5.  Sensitivity of AR transcriptional activity to AR inhibition correlated with localization of 

FlnA in the nucleus. (A). LNCaP, C4-2 and C4-2 cells stably transfected with FlnA 16-24 (C4-2 16-24) 

were stained by immunofluorescence for FlnA with an antibody specific to the C-terminus of FlnA. 

Immunofluorescent staining shows nuclear localization of FlnA in LNCaP cells (note the low level of 

FlnA in the cytoplasm) whereas in C4-2 cells FlnA was mainly localized to the cytoplasm but not in the 



nucleoplasm, although bright staining in the nucleolus was also detected. In contrast, C4-2 16-24 cells 

expressed this protein equally in the cytoplasm and the nucleus, while nucleolar staining could still be 

detected. Middle panel demonstrates the individual cells highlighted in the upper panel. Lower panel 

demonstrates the cells in phase-contrast.  (B). (Top).  Luciferase assay in LNCaP cells to determine 

AR transcriptional activity on a PSA promoter tagged with a luciferase reporter. Data expressed has 

been normalized to corresponding expression of β-gal co-transfected as control. Cells subjected to 

control and FlnA siRNA were treated with vehicle (DMSO) or 10 µM bicalutamide for 48 hrs prior to the 

assay. Each point on the graph represents mean ± S.D. of 3 independent readings. (Bottom).  Western 

blots to demonstrate the efficacy of the FlnA siRNA.  (C). Luciferase assay in LNCaP cells to determine 

AR transcriptional activity on a PSA promoter to determine the effect of the N-terminal and C-terminal 

domains of FlnA on the AR 48 hrs after transient transfection. Cells were cultured in FBS vs CSS and 

collected after 48 hrs. Each point on the graph represents mean ± S.D. of 3 independent readings. 

 

Figure 6.  AR regulates Nrdp1 levels in cells expressing 90 kDa FlnA. (A). Androgen sensitivity in 

CWR-R1 vs. CWR22-Rv1 cells.  The AR transcriptional activity was tested by inserting the PSA ARE 

into a luciferase construct.  A decrease of luciferase activity in CWR-R1 cells, but not in CWR22-Rv1 

cells, in the presence of 10 µM bicalutaide indicates that CWR-R1 cells are more androgen sensitive 

compared to CWR22Rv1 cells, even though they are both considered castration resistant (note that 

bicalutamide only decreased AR transcriptional activity on the PSA promoter by ~38%).  (B). qPCR for 

AR and FlnA expression in CWR-R1 and CWR22-Rv1. Higher expression of FlnA was observed in 

CWR-R1 cells, although AR expression in the two cell lines was considered comparable. Results 

provided were normalized to the corresponding values for GAPDH. (C).  (Left).  CWR-R1 cells contain 

higher protein levels of full length and the 90kDa form of FlnA, compared to CWR22-Rv1 cells. (Right).  

ChIP assay of AR binding to ARE.03 in CWR-R1 and CWR22-Rv1 cells.  Chromatin samples were 

immunoprecipitated with anti-AR andtibody and analyzed by PCR with primers flanking the Nrdp1 

ARE.03 region and PSA ARE region.  Input is control reactions of genomic DNA prior to 

immunoprecipitation.   (D). Protein expression of ErbB3, Nrdp1, and AR in CWR-R1 and CWR22-Rv1 



cutured in FBS, CSS or CSS with increasing doses of DHT as indicated. Cell lystaes were 

immunoblotted with anti-Nrdp1, anti-ErbB3, anti-AR, and anti-tubulin antibodies.   

 

Figure 7.  Nuclear Filamin A restores androgen receptor regulation of Nrdp1 in androgen 

independent cells. (A). AR binds to ARE.03 in in the presence of 90 kDa FlnA.  ChIP assay of AR 

binding in LNCaP, LNCaP AI, C4-2, and C4-2 FlnA 16-24 cells. Chromatin samples were 

immunoprecipitated with anti-AR antibody and analyzed by PCR with primers flanking the Nrdp1 

ARE.03 region.  Input is control reactions of genomic DNA prior to immunoprecipitation.  (B). AR 

transcriptional activity of Nrdp1 ARE.03 is androgen regulated in the presence of FlnA 16-24.  Cells 

were cultured in FBS medium and transfected with the control vector, normal ARE.03, or mutant 

ARE.03, and AR transcriptional activity was measured by luceriferase assay.  Cells were also treated 

with DMSO, DHT, or casodex.  (C). FlnA restores AR transcriptional activity on Nrdp1 ARE.03 in 

androgen independent cells.  Cells were cultured in FBS medium and transfected with full-length FlnA, 

FlnA repeats 1-15, or FlnA repeats 16-24, and AR transcriptional activity was measured by luceriferase 

assay.  (D). (Top).  Immunofluorescence of Nrdp1 in C4-2 cells showing Nrdp1 mostly in the nucleus. 

(Middle).  Immunofluorescence of Nrdp1 in C4-2 cells transfected with pCMV-FlnA 1-15 showing Nrdp1 

mostly in the nucleus. (Bottom).  Immunofluorescence of Nrdp1 in C4-2 transfected with pCMV-FlnA 

16-24, showing Nrdp1 goes to the cytoplasm in the presence of nuclear FlnA.   
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SUPPLEMENTARY MATERIAL 
Loss of Androgen Receptor targeting of Nrdp1, a negative regulator of ErbB3, in 

castration resistant prostate cancer, and its reversal by Filamin A nuclear 
localization 

SUPPLEMENTARY METHODS 
Western blotting. Whole cell extracts were prepared by washing the cells twice in PBS and lysing cells in 250 
µl cell lysis buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl, and 1% NP-40, and protease inhibitors: 0.1 mM 
benzamidine, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml each of phenathroline, leupeptin, aprotinin, and 
pepstatin A) and phosphatase inhibitors: 20 mM β-glycerol phosphate, 1 mM Na-orthovanadate, and 10 mM 
NaF. Proteins were quantitated using a BCA assay (Pierce, Rockford IL) and fractionated on 29:1 acrylamide-
bis SDS-PAGE. Electrophoresis was performed at 150 V for 120 min using minivertical electrophoresis cells 
(Mini-PROTEAN 3 Electrophoresis Cell, Bio-Rad, Hercules, CA). The gels were electroblotted for 2 h at 200 
mA using a Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad) onto 0.2-µm polyvinylidene difluoride 
membrane (Osmonics, Westborough, MA). The blots were stained with primary antibodies at a dilution of 1:250 
or 1:500. The staining was detected by enhanced chemiluminescence (Pierce) after incubation with a 
peroxidase-labeled secondary antibody (Donkey anti-mouse IgG, Chemicon, Temecula, CA, Goat anti-rabbit 
IgG, Fc specific, Jackson Immunoresearch, West Grove, PA). 

MTT Assay: MTT cell proliferation was performed as shown previously [1, 2]. Cells were plated in 100mM 
dishes, transfected with vectors and then plated in 24-well plates. For collection, each well was incubated with 
15 µl of 5 mg/ml 3-[4,5-Dimethylthiazol-2yl]v-2,5-diphenyl-tetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, 
MO) for 1 hour in a CO2 incubator at 37oC. Proliferation rates were estimated by colorimetric assay reading 
formazan intensity in a plate reader at 570 nm.  

Mutagenesis was performed using the Stratagene QuikChangeII kit from Agilent technologies according to the 
manufacturer's instructions.  Briefly, mutagenic primers were designed using the Agilent technologies 
QuikChange Primer Design program and were used to amplify nascent plasmid containing the desired 
mutation(s).  Following PCR amplification the PCR reaction was digested with DpnI restriction enzyme to 
remove the parent plasmid and the remaining mutant plasmid was transformed into bacteria, followed by 
plasmid isolation.  All mutant plasmids described were fully sequenced to confirm that their sequence was 
correct. 

AR transcriptional activity: Reporter gene activity was determined by luciferase assay. LNCaP and/or C4-2, 
LNCaP AI, CWR22Rv1, CWR22R1 cells were transfected with 2 µg of pGL3-hPSA-luc and β-galactosidase 
with or without co-transfection of 2 µg of various FlnA vectors using Lipofectamine 2000 (Invitrogen, Grand 
Island, NY) according to the manufacturer’s recommendations. Cells were treated as indicated for 72 hours.  
Cells were harvested 72 hours after transfection, and cell lysates prepared for performing luciferase assays 
using a luciferase enzyme assay system (Promega Corp., Madison, WI). Each transfection experiment was 
performed in triplicate. Results were normalized to β-galactosidase measured by a colorimentric assay and 
represent an average of 3 independent experiments with data presented as relative luciferase activity using 
means of untreated controls as standards. 

Immunohistochemistry: Mouse tumors were fixed in 10% buffered formalin (Medical Industries, Richmond IL) 
for 30 mins at RT, after which the pellet was immersed in 600 µl liquefied agar at 50-60oC. The agar containing 
the tumor was paraffin-embedded and processed based on established protocols. The paraffin-embedded cell 
block was then sectioned and sections were heated to 60oC, and rehydrated in xylene and graded alcohols. 
Antigen retrieval was performed with 0.1M citrate buffer at pH 6.0 for 20 minutes in a 95% water bath. Slides 
were allowed to cool for another 20 minutes, followed by sequential rinsing in PBS and 50 mM Tris HCl, pH 
7.6, 150 mM NaCl, Tween 20 (0.1%) (TBS-T). Endogenous peroxidase activity was quenched by incubation in 
TBS-T containing 3% hydrogen peroxide. Each incubation step was carried out at room temperature and was 
followed by three sequential washes (5 minutes each) in TBS-T. Sections were incubated in primary antibody 
diluted in TBS-T containing 1% ovalbumin and 1 mg/ml sodium azide (12 hours), followed by incubations with 
biotinylated secondary antibody for 15 minutes, peroxidase-labeled streptavidin for 15 minutes (LSAB-2 Dako 
Corp, Carpenteria CA) and diaminobenzidine and hydrogen peroxide chromogen substrate (Dako Corp. 
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Carpentaria CA) along with DAB enhancer (Signet) for 10 minutes. Slides were counter-stained with 
hematoxylin and mounted. Negative controls were incubated with the same amount of antihuman polyclonal 
rabbit IgG in place of primary antibody. 

Chromatin Immunoprecipitation:  Chip studies were conducted as previously described [3] with the following 
modifications: Chromatin was sonicated to an average size of 200 to 800 bp from 4.5 X 107 cells using 
Sonicator Ultrasonic Processor model S-4000.  Sonicated chromatin was diluted 1:3 in dilution buffer (0.01% 
SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-Cl pH 8.0, 167 mM NaCl and a protease inhibitor 
cocktail (Sigma)). 1.5 µg of normal rabbit IgG (Santa Cruz Biotechnology) was added for 1.5 hr at 4 degrees 
Celsius and pulled down with 20 µl of Protein G Agarose/Salmon Sperm DNA beads (Millipore Billerica, MA) at 
room temperature to preclear. The precleared chromatin was split in two. 1.5 µg of AR (N-20) and normal 
rabbit IgG (Santa Cruz Biotechnology) were added to separate aliquots. Following cleanup, the samples were 
run on a 1% agarose gel and the region between 200 to 500 bp was cut out and purified using the QIAquick 
gel extraction kit (Qiagen, Inc.).  

qPCR:  Total cellular RNA was prepared utilizing RNeasy mini kit (Qiagen, Inc. CA) based on the 
manufacturer’s protocol. cDNA was synthesized from 1 mg RNA using Marligen First Strand cDNA Synthesis 
Kits (Marligen, Rockville, MD) based on the manufacturer’s protocol. Real-time PCR was run using TaqMan 
Gene Expression Master Mix (Applied Biosystems, Grand Island, NY) according to manufacturer’s 
recommendations.  B-Actin was used as the endogenous expression standard. Assays used were ID # B-
Actin: 4333762T Filamin A: Hs00155065_m1 and Androgen Receptor: Hs00907244_m1 from Applied 
Biosystems (Grand Island, NY).  Data was collected on an Applied Biosysytems 7500 Fast machine and 
analyzed using the relative standard curve method.  

Program- The detection of the immunoprecipitated AR binding sites was done by PCR.  For each sample 
(input, IgG, or androgen receptor) .1uL GoTaq polymerase (Promega), 4µl 5X GoTaq Buffer, .4µl 10uM F 
Primer, .4µl 10uM R Primer, .4µl 10µM dNTPs, 2µl DN, and 12.7µl ddH2O were mixed for PCR amplification in 
a 20µL reaction volume.  The PCR was started with an initial denaturation of 95°C for 3 min, next 33 cycles of 
denaturation at 95°C for 30 sec, annealing at X°C for 15 sec, and extension step at 72°C for 15 sec, and lastly 
second extension step of 72°C for 4 min. The PCR products were separated on a 2% agarose gel and 
visualized by ethidium bromide staining.   

Subcellular fractionation: Cells were plated in a 100 mm dish and grown to 70% confluence. They were then 
treated as described and separated into cytoplasmic and nuclear fractions as follows: the plates were washed 
with PBS twice and the cells collected in 0.5 ml of Buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM 
EDTA, 0.5 mM DTT) containing 200 µl of 10% IGEPAL and protease inhibitors (0.1 mM benzamidine, 1 mM 
PMSF, 10 µg/ml each phenathroline, leupeptin, aprotinin, and pepstatin A). Following 10 min incubation at 
room temperature, the lysate was transferred to ice and centrifuged at 4C at 1500 rpm in a benchtop 
refrigerated centrifuge (Eppendorf 5417R) for 5 min, and the supernatant collected as the cytosolic fraction. 
The pellet containing the nuclei was resuspended in 150 ml of Buffer B (20 mM HEPES, pH 7.9, 0.4M NaCl, 1 
mM EDTA, 10% Glycerol) containing the same protease inhibitors and solubilized by vigorous shaking at 4C 
for 2h. The suspension was then centrifuged at 4C as before for 5 min and the supernatant collected as the 
nuclear fraction.  

Immunofluorescence: C4-2 cells were transfected with either pCMV-empty vector, pCMV-FlnA 1-15, or 
pCMV-FlnA 16-24 and seeded at 30,000 cells per coverslip and LNCaP cells were seeded at 60,000 cells per 
coverslip and were incubated for 24hrs in FBS medium in a 370C CO2 incubator. They were then grown in 
either FBS, CSS, or CSS with 1nM DHT.  The cells were then incubated for 48 hrs in the 370C CO2 incubator. 
The cells were then rinsed with PBST (Phosphate Buffered Saline with 0.05% Tween-20) and then fixed with 
ice cold methanol for 10 min at room temperature. They were washed three times with PBST and then blocked 
with 10% BSA for 30 min at room temperature. Primary antibody, prepared in 1% BSA was applied to the cells 
and cells were incubated at 4oC overnight. Cells were washed three times with PBST and the FITC conjugated 
anti-rabbit secondary antibody (Jackson Immuno Research) was diluted 1:200 in 1% BSA and incubated for 30 
min at room temperature in the dark. After washing three times with PBST, slow fade mounting medium with 
DAPI (Invitrogen, Carlsbad, CA) was applied to the slides and the cover slips were mounted. 
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SUPPLEMENTARY DATA 

Spplementary Table 1. Patient Characteristics.  
Characteristics for 78 patients with primary prostate cancer, who underwent radical retropubic prostatectomy 
between 1999-2002,that  were selected for the study. The patients were selected based on (i) availability of 
patient outcome data and (ii) availability of tissues from prostatectomy specimen.  
Supplementary Figure 1.  Nrdp1 Antibody Characterization.  Antibody Characterization of US 
Biologicals Nrdp1 Antibody.   
293T HEK cells were transfected with control or Nrdp1 shRNA to show the specificity of a rabbit polyclonal 
anti-Nrdp1 antibody (US Biologicals).  
A. Western blot analysis showed Nrdp1 staining as a non-specific 65 KDa and a specific 36 KDa bands.  

Specificity of the lower band was determined by knockdown of Nrdp1 upon shRNA use, and a 
corresponding increase of p-ErbB3.  293T HEK cells were grown in FBS media. Cell lystaes were 
immunoblotted with andti-Nrdp1, anti-p-Erb3 and anti-tubulin antibodies.  

B. 293T HEK cell pellets (similarly treated) were paraffin embedded, sectioned and stained with the same 
Nrdp1 antibody. Lack of background staining in the shRNA-treated cells denotes that the IHC staining was 
more specific. 

Supplementary Table 2.  Protein Staining in Cancer and Non-Cancer Cells 
Comparison of Nrdp1 and AR in a cytoplasmic or nuclear location in cancer vs. non-cancer cells.  Cytoplasmic 
but not nuclear AR and Nrdp1 expression increase in human prostate tumor tissues compared to non-tumor 
prostate. P-value (p<0.05) were considered significant.  Numerical values for boxplot of Figure 1B and 
Suppletmentary Figure 3. 
Supplementary Figure 2.  AR and Nrdp1 expression in cancer and normal cells. 
Confirmation of the up regulation of Nrdp1 and AR in cancer vs. normal and the correlation between the three 
Oncomine datasets. (For AR, p = 3.26 x 10^-8; for NRDP1, p = 1.62 x 10^-6; values calculated using Fisher’s 
combined probability test). Box plots shown are from studies in the Oncomine database representative of 
overall trend. 
Supplementary Figure 3.  AR Staining in Cancer and Normal Cells. 
Boxplots showing distribution of AR in the nucleus and cytoplasm of cancer tissue compared to non-tumor 
tissue. The expression of nuclear AR and remains the same in both cancer and non-tumor tissues, whereas 
cytoplasmic expression increases in cancer. 
Supplementary Table 3.  Pairwise Correlations Between Staining Factors in Cancer Cells.   
Nuclear and cytoplasmic comparison of AR and Nrdp1.  Correlation between Nrdp1 and AR in cancer cells. 
Strongly significant correlations were found between nuclear AR and cytoplasmic Nrdp1.  Numerical values of 
boxplot of Figure 1C. 
Supplementary Figure 4.  Increase of nuclear Nrdp1 in castration resistant mouse tumors. 
A. Boxplot of Nrdp1 nuclear and cytoplasmic expression levels in CWR22Rv1 mice vs. CWR22 mice, both 

showing higher Nrdp1 levels in the cytoplasm vs. the nucleus. 
B. Boxplot showing Nrdp1 nuclear and cytoplasmic levels in the castrated and non-castrated CWR22Rv1 

mice.  Nrdp1 levels in the nucleus remain constant after castration, but decrease in the cytoplasm.  
C. Boxplot showing AR nuclear and cytoplasmic levels in the castrated and non-castrated CWR22Rv1 mice.  

AR levels in the nucleus and the cytoplasm remain consistent in both after castration, indicating that the 
androgen receptor is androgen independent. 

D. Comparison of AR levels and Nrdp1 levels in CWR22Rv1 mice showing that as nuclear AR increases, so 
do nuclear Nrdp1 levels. 

Supplementary Figure 5.  Protein structure of 36 kDa and 28 kDa Nrdp1 forms.   
Top.  mRNA transcript and protein structure of the 36kDa form of Nrdp1.   
Bottom. mRNA transcript and protein structure of the 28kDa form of Nrdp1.   
The mRNA transcripts show the location of ARE.03 and ARE.01 in the Nrdp1 transcripts, translational stop 
site, and difference in the translational start site between the two isoforms.  The protein structures are the 
same for the C-terminal end, including the 2nd peroximal domain, the coiled coil, and the USP8 interacting 
domain, while only the 36kDa protein contains two U-box domains and the Zinc (RING) finger domain. 
Supplementary Figure 6.  Differential expression of Nrdp1. 
A. Nrdp1 levels correspond with the addition of DHT.  LNCaP cells were cultured in FBS or CSS medium in 

the presence or absence of DHT after the first day. Cell lysates were immunoblotted with anti-Nrdp1 and 
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anti-tubulin antibodies.  In CSS media and the absence of DHT Nrdp1 expression levels go down 
compared its expression levels in FBS media or in CSS media supplemented with DHT.  This also 
corresponds to AR binding to ARE.03. 

B. Nrdp1 protein levels correspond with androgen dependence.  C4-2 and LNCaP cells were grown in FBS 
medium. Cell lystaes were immunoblotted with andti-Nrdp1 and anti-tubulin antibodies.  In LNCaP cells, 
where AR binds to Nrdp1 ARE.03, there is a high level of Nrdp1 expression compared to in C4-2 cells, 
where AR does not bind to Nrdp1 ARE.03 

Supplementary Figure 7.  Nrdp1 ARE.03 Genomic Sequence 
Nucleotide comparison of the Nrdp1 ARE.03 sequence in LNCaP and C4-2 showing no mutation in the 
sequence despite a change in AR binding in the two cell lines.   
Supplementary Figure 8.  AR control of Nrdp1 in castration sensitive vs. castration resistant prostate 
cancer cells.  
In castration sensitive tumors, the androgen receptor is regulated by the presence of nuclear FlnA.  This allows 
androgen receptor to bind to the ARE upstream of the Nrdp1 gene, ARE.03, and cause an increase of Nrdp1 
expression.  This in turn down regulates ErbB3  and prevents cell growth.  In castration resistant tumors, 
nuclear FlnA is no longer present, which causes aberrant binding and androgen receptor no longer binds to 
ARE.03, preventing Nrdp1 expression.  This then allows ErbB3 protein levels to increase and causes 
increased cell growth. 
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Supplementary Data 

Androgen Receptor targeting of Nrdp1, 
a negative regulator of ErbB3, restored 

by Filamin A nuclear localization in 
castration resistant prostate cancer 



Patient Characteristics 
Number of patients 78 

 
RACE 

Caucasian 38 

African 
American 

17 

Others 23 

Mean BMI 28.47 ± 4.48 

Mean Pre-op PSA 7.99 ± 6.48 

 
GLEASON 

Gleason 5-6 35 

Gleason 7 33 

Gleason 8-9 9 

 
STAGE 

STAGE T1 43 

STAGE T2 35 

POSITIVE MARGINS 27 

PSA FAILURE 23 

SUPPLEMENTARY TABLE 1 
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Supplementary Table 2: Staining in Cancer and Non-Cancer Cells 

  Cytoplasm Nucleus 

Protein Median in 

Cancer Cells 

Median in 

Non-Cancer 

Cells 

P-Value 

(Wilcoxon 

Signed Rank 

Test) 

  

Median in 

Cancer Cells 

Median in 

Non-Cancer 

Cells 

P-Value 

(Wilcoxon 

Signed Rank 

Test) 

Nrdp1 1.0 0.5 <0.001 0.3 0.3 0.134 

AR 1.0 0.8 <0.001 2.0 2.0 0.071 

Nrdp1 and AR staining in localized prostate 
tumor and corresponding non-tumor tissue 
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SUPPLEMENTARY FIGURE 3 

AR Staining In Cancer and Normal Cells 
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Supplementary Table 3: Pairwise Correlations Between Staining 

Factors in Cancer Cells 

Spearman's 

Rho 

(P-Value) 

Nrdp1 

Nucleus 

Nrdp1 

Cytoplasm 

AR 

Nucleus 

AR  

Cytoplasm 

Nrdp1 

Nucleus 

  0.6 

(<0.001) 

0.26 

(0.035) 

0.27  

(0.026) 

Nrdp1 

Cytoplasm 

0.6 

(<0.001) 

  0.42 

(<0.001) 

0.23 

 (0.058) 

AR Nucleus 0.26 

(0.035) 

0.42 

(<0.001) 

  0.06 

 (0.617) 

AR Cytoplasm 0.27 

(0.026) 

0.23 

(0.058) 

0.06 

(0.617) 

  

Pairwise Correlations Between Nrdp1 
and AR Staining in Prostate Cancer 
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Comparison of ARE.03 sequence 
of C42 and LNCaP cell lines

SUPPLEMENTARY FIGURE 6 
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